......--
The use of ventilators in infants and small children presents several problems over and above those encountered when ventilating adults. These problems may be divided into:
(a) The practical problems associated with the size and weight of tubing and equipment around the baby's head, methods of fixation and prevention of drag on endotracheal tubes (ETT's). These problems are well known and well documented and will not be discussed further. (b) The technical problems concerning mainly the very small tidal volumes (VT) required for patients of this size. With tidal volumes of this magnitude, the internal compliance and thus the compression volume of the ventilator system become significant and markedly affect the actual volume delivered to the patient. The compression volume may exceed the required VT . This is compounded by the effects of the high resistances of the small bore endotracheal or tracheostomy tubes, the almost invariable presence of a leak around a non-cuffed tube, and large alterations which may occur in the compliance of these patients.
Positive End Expiratory Pressure (PEEP) is often used in infants and may further affect the ventilation.
In an extreme case the ventilator may be merely compressing its own internal volume whilst delivering no tidal volume at all to the patient. This may not be obvious to the unwary operator as the machine still appears to function normally.
There has been little published on the performance of ventilators under such conditions, and this paper is in part an attempt to produce such documentation. It also describes the application of the methods used to the evaluation of the prototypes of two ventilators designed for paediatric use. METHODS An experimental model was set up. It consisted of a test lung connected via an appropriately sized ETT to the ventilator to be studied ( Figure 1 ).
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LUNG FIGURE I.-The experimental model consisted of the ventilator system comprising the ventilator (V) and humidifier (Hl'l\I.) connected via an endotracheal tube to the dummy lung. "Air\\'ay" pressure was measured just proximal to the endotracheal tube (as it is clinically) and the leak (L) and resistance (I{) were positioned as shown. VT was measured using the pneumotachograph (PT) situated in the" trachea ". The test lung was made up of several glass bottles, sealed and connected together in parallel. The bottles were filled with copper wool to minimize adiabatic effects. This resulted in an inflation pressure within 1·0 mmHg of the pressure developed under isothermal conditions when the rate was 60fmin. and the inflation pressure 20 mmHg. The number of bottles could be varied in order to produce different compliances (Table 1) . Several known resistances could be connected in series with the "lung" to mimic the effect of airways resistance. These resistances consisted of "Millipore"* filters of various sizes (Table 2) . Resistances R. 200 cmH.O/l/sec (linearity 0-0'1 l/sec) R. 1000 cmH.O/l/sec (linearity 0-0·05 l/sec) A standardized .. leak" (L) could be placed in the system. This was made by inserting a 17G or 19G teflon catheter (Dwellcatht) through the wall of a piece of PVC tubing. The 19G catheter was used with the 2·5 mm ETT, and the 17G catheter with sizes 3·0 mm and 4·0 mm ETT's. PEEP of 10 mmHg was added by using an underwater blow-off system on the expiratory side of the ventilator circuit.
" Airway" pressure was measured by a transducer from a point between the ventilator and the ETT as in clinical use.
The delivered tidal volume was measured using a Fleisch Pneumotachograph (PT) placed between the test lung and the resistance (i.e. in the "trachea").
The entire system is shown diagramatically in Figure l .
An appropriate size PT head was chosen in each case (i.e. 000, 00 or 6) to ensure that the range of linearity of the PT was not exceeded by the maximum flow rate.
* Millipore Filter Corp., Bedford, Mass., U.S.A.
t Tuta Laboratories, Lane Cove, N.S.W.
It has been shown (Kafer 1973 ) that inaccuracies occur when pneumotachography is used with Intermittent Positive Pressure Ventilation (IPPV). In the process of making this study, we have demonstrated inaccuracies in addition to those previously noted, probably also due to the design of the differential pressure transducers used with the PT head. These effects will be discussed fully in another paper. For the purposes of this study these effects were minimized by measuring the expired tidal volume rather than the inspired and by using a Grass differential pressure transducer (Model PT-5-A).* During expiration the system is open to atmosphere, and the errors are small using this transducer under these conditions. The pressure due to PEEP in those situations where it was applied (10 mmHg or less) produces negligible error with this transducer.
The output of the differential pressure transducer was fed into a Devices M19 Multi-channel Recorder,t and the flow curve integrated electronically to produce a volume curve. Great care was taken to ensure that the integrator remained in balance under no-flow conditions before and after each volume reading was taken. The PT/transducer/recorderfintegrator system was calibrated using a super syringe (Janney 1959 ).
Each ventilator was tested against appropriate combinations of compliance, ETT size, and resistance, with and without leak, and with and without PEEP.
The initial step in each series was to set up the ventilator as it would be in clinical use. A compliance was chosen appropriate to the size of ETT being used-e.g. with the 2·5 mm tube a compliance of 1 ml/cm H 2 0 (Cs) was taken as that which could reasonably be expected in an infant requiring such a size of ETT. The ventilator was then set to ventilate this compliance through the ETT at the required rate, and the stroke volume was adjusted so that a peak "airway" pressure of 12 mmHg was obtained. Twelve mmHg was chosen as being within the common clinically used range, lying between 15 and 20 cm H 2 0. Once the stroke volume of the ventilator had been set in this manner, it was left unchanged throughout the series of measurements involving that particular size ETT at that rate. The V T was then measured using the pneumotachograph situated in the "trachea". The various combinations of resistance, leak, change of compliance and addition of PEEP were then added to the system without changing the preset stroke volume. and VT was measured for each combination. The criteria used for choosing resistances and differing compliances were once again based on what could reasonably be expected clinically with a patient of that size.
PEEP was set at 10 mmHg under" no-leak" conditions and then left unchanged.
A measurement was also made on "open" circuit, i.e. with the distal end of the ETT open to atmosphere. In this case, of course, the volume had to be measured during the " inspiratory" phase. However, since the positive pressure was small, the inaccuracies due to this were minimal.
The entire series was repeated for rates of 30jmin and 60jmin with ETT sizes 2·5 mm, 3·0 mm and 4·0 mm. An inspiratoryj expiratory ratio of 1 : 1·5 was used in all cases.
Two ventilators were tested in this manner, each being a prototype.
The first (Ventilator A) was an electrically driven, time cycled, volume preset machine (Grant 1974) . This machine has its own humidification system built-in.
The second (Ventilator B) was a Bird Mk. 7 in combination with a CIG "Vent-Viva" bag-in-
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Cs+Rs CS +R5+ L C S +R 5 +PEEP .. C 5 + E 5 + T,+PEEP bottle attachment fitted with a small bellows designed for use with children (Fisk et al. 1974 ). This combination acts as a time-cycled volume pre-set machine. A Fisher and Paykel* (F. and P.) humidifier was used with this machine. The internal compliance of ventilator system A was measured as 2 ml/cm H 2 0, and that of system B was 1·5 ml/cm H 2 0. Both humidifiers were filled to the maximum recommended water level for all tests. Tables 3-5 . Table 3 shows the tidal volumes and " airway" pressures generated through a 2·5 mm tube by the two ventilators under the various conditions of the test. When set up to ventilate the compliance Cs to an airway pressure of 12 mmHg (as in the clinical situation), Ventilator A delivered a tidal volume of 11 ml at a rate of 30/min and at a rate of 60/min. With the distal end of the ETT open to atmosphere (" open-circuit "), the same settings produced a flow of 41 ml through the tube at a rate of 30/min, and 35 ml at 60/min with pressures of 5 mmHg and 7 mmHg respectively. These figures were still less than the stroke volume as indicated by the volume scale of the ventilator which was 48 ml in both cases. Ventilator B delivered a VT of 15 ml into compliance Cs at a rate of 30/min, and 11 ml at 60/min for a peak airway pressure of 12 mmHg. The open circuit volume for Ventilator B was 38 ml with a pressure of 5 mmHg at 30/min, * Fisher and Paykel, Auckland, New Zealand. (-5) 23'5/9 44 21/10 22 and 37 ml with a pressure of 9·5 mmHg at 60/min. The addition of leak, PEEP and resistance produced progressively diminishing tidal volumes in all cases. The extreme cases (e.g. Cs+Rs+L+PEEP) consistently showed tidal volumes as low as 10 per cent of the flow through the open ETT with the same settings. Tables 4 and 5 show similar results with 3·0 mm and 4·00 mm ETT's.
RESULTS

Results are presented in
The progressive fall in V T with the increase of adverse conditions is demonstrated graphically for a typical series of results in Figure 2 . L=Leak P=PEEP The progressive fall in VT with increasingly adverse conditions is easily seen.
The loss caused by the addition of R. can be seen by comparing the second pair of bars (C.) with the sixth (C.+R.) and the tenth (C.) with the fourteenth (C. + R.).
The negative figures shown in brackets under
VT for Ventilator A represent a slight backflow that occurs at the beginning of inspiration with this machine when PEEP is applied. This is because a one-way valve is not used in the circuit and, at the moment the inspiratory valve opens, the pressure in the lung with PEEP applied is higher than the pressure in the bellows and so there is momentary backflow until the bellows pressure builds up to this value. This effect is prevented in the other ventilator by the oneway valve that is necessary on the inspiratory side of the circuit between the bellows and the patient (Fisk et al. 1974) .
DISCUSSION
The most striking feature of these measurements is the magnitude of the VT loss that occurs with the variations in conditions consistent with those encountered in clinical practice. This loss occurred with both the ventilators studied. Furthermore, in the clinical situation there may be little obvious indication that such a loss was occurring. Changes in "airway" pressure at the point where it is measured in clinical practice (proximal to the ETT) do indicate some alteration, but are certainly not a reliable guide to the VT being delivered. This will be seen by comparing these changes with the measured VT in Tables 3, 4 and 5.
Both machines tested were of the volume preset type, which we prefer for several reasons. It produces the nearest approach we have to constant volume ventilation, enables the inspired O 2 concentration to be easily and accurately controlled, is easily disinfected, and is compatible with the use of PEEP without modification. The stroke volume on this type of machine is usually labelled as "tidal volume". However, it bears little resemblance to the actual tidal volume delivered to the patient, as is amply demonstrated by the large variations in VT occurring within each series of measurements made with a fixed stroke volume. Thus, just reading the" tidal volume" scale on the machine, or simply observing the movement of the bellows can be very misleading.
The use of pressure cycled machines would result in even greater variations in delivered V T with changing conditions, as can be seen by the " airway" pressures developed. In most cases the pressure developed was higher than the 12 mmHg of the original setting. Thus, using pressure as a limit, an even smaller VT would have resulted.
The single factor causing the biggest fall in VT is the addition of resistance. This can be seen by comparing:
In Table 3 -C s with Cs+R s , In Table 4 -C 4 with C 4 +R s , -Cs with Cs + R s , In Table 5 -C 3 with C 3 +R 4 • The Table 4 comparisons can also be made graphically in Figure 2 . This is very important clinically, as big increases in resistance can, and do, occur in small ETT's due to drying of secretions within the lumen. A small amount of dried secretion will easily halve the internal diameter of a 2·5 mm ETT, thus increasing the resistance ]6 times. A major factor in the prevention of this occurrence is the provision of adequate humidification of the inspired gas. Our experience is that the F. and P. humidifier is the most efficient means available at present for this purpose (Fisk and Vonwiller 1972) . Blockage of ETT's necessitating re-intubation was a common problem in infants. However, since we have been routinely using the F. and P. humidifier, the incidence of this complication has fallen virtually to zero. Unfortunately, the incorporation of an adequate humidifier in the circuit does increase the internal compliance and compression volume of the system. Another common cause for increased resistance in the clinical situation is kin king of the ETT. The prevention of this depends upon the skill of the nursing staff together with adequate and efficient methods of fixation (Van Vliet, Fisk and Gupta 1971) .
The loss of Y r with increasingly adverse conditions was relatively greater where VT was small (e.g. the series for 2·5 mm ETT) than where it was larger (e.g. the series for 4·0 mm ETT). This is explained by the fact ~hat the compression volume becomes proportIonately greater compared to the Y r as the Y r gets smaller.
Increased rate generally produced a smaller V T for otherwise similar conditions. In some instances VT remained the same for the higher rate. In only one case was the VT slightly larger at the faster rate (Ventilator B. with 3·0 mm tuhe and C 4 +L+PEEP), and tIns was within the limits of experimental error, being a difference of only 1·0 m!. This bears out the fact that a slow inspiratory flow rate is better than a rapid one through a narrow airway (in this instance the small ETT).
CONCLUSIONS
The results of this study emphasize the problems faced when ventilating infants and Anaesthesia and Intensive Care, t·ol. 11 I, Xo. J, February, 1975 small children and confirm the impression that there are big variations in ventilation as conditions change. There are at present no adequate simple means of estimating ventilation in infants, the only methods available being rough clinical assessments such as watching chest expansion and listening to breath sounds. Serial estimations of blood gas tensions are thus probably the only suitable method for the management of these patients.
Any method of assessment of ventilators for use with such small patients must take into account all the factors described and must measure the volume passing through the ETT under all conditions. Both ventilators tested behaved in a very similar fashion. Little significant improvement can occur until a humidifier is developed with a small internal volume, yet capable of consistently delivering to the patient gas fully saturated with water vapour at body temperature.
